Abstract. A nanostructured poly (o-toluidine)/silicon nanowires (NPOT/SiNWs) heterojunction has been fabricated with a low cost and simple techniques, where NPOT has been in situ polymerized upon SiNWs synthesized by chemical etching of a silicon wafer. The morphology of SiNWs before and after deposition of NPOT has been examined by scanning electron microscope (SEM). The chemical composition of NPOT has been investigated by Fourier transform infrared (FTIR), ultraviolet-visible (UV-visible) spectroscopy, and X-ray diffraction (XRD) techniques. NPOT morphology has also been examined by SEM before being deposited on the SiNWs. I-V measurements of the device have been made at room temperature under dark conditions. The heterojunction diode parameters such as turn-on voltage, reverse saturation current (I 0 ), ideality factor (η), barrier height (Φ B ) and series resistance (R s ) have been determined from the I − V curves using Schottky equations. The device shows promising characteristics as a candidate for producing heterojunction diodes. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The intense attention and research on conducting polymers have led to a number of practical applications because of their unique electronic properties, diversity, ease of fabrication and potentially low cost. Intrinsically conducting polymers, including polyacetylene, polyaniline (PANI), polypyrrole, polythiophene, poly(p-phenylene-vinylene), etc., are termed organic polymers that possess the electrical, magnetic, and optical properties of a metal while retaining the mechanical property and processability commonly associated with a conventional polymer. These polymers are more commonly known as "synthetic metals." 1, 2 Since most organic polymers do not have intrinsic charge carriers, the required charge carriers may be provided by partial oxidation (p-type redox doping) of the polymer chain with electron acceptors, or by partial reduction (n-type redox doping) with electron donors. Through such a doping process, charged defects (e.g., polaron, bipolaron, and soliton) are introduced, which could then be available as the charge carriers enabling conjugated polymers to gain high conductivities.
Conducting polymers are sometimes considered as quasi-one dimensional metals due to the fact that the strong interchain interactions (strong covalent bonding along the chain), and the weak Van der Waals type interchain coupling interactions lead to the delocalization of π-electrons along the polymer chain. Every conjugated polymer has a unique chemical structure that determines its optical and electrical behavior.
PANI and its derivatives have attracted significant interest as electronic materials because of their high capacity, good conductivity, unique doping and de-doping processes, and ease of synthesis. 3 Poly (o-toluidine) (POT) is a PANI derivative which contains a methyl group in the ortho position of the aniline monomer. Among the ring-substituted PANI derivatives, POT has probably been the most widely studied. 4 Indeed, Ram and Borol as well as other authors had studied the electro polymerization of POT using various electrolytes with different concentrations. Research revealed that POTs have interesting electro-optical properties and can be used as electrochromic and electronic devices. [5] [6] [7] Recently, conductive polymer nanostructures have attracted a great deal of interest for use in energy applications because of several beneficial characteristics including tunable electrical properties, flexibility, and their processability, mainly by dispersion. 8, 9 Recently, the interest in nanostructured PANI, especially, PANI nanofibers, has increased extensively. 3, 10 On the other hand, porous silicon (PSi) nanostructures were found to be perfect to host the polymerization of conducting polymers to form a conducting polymer/PSi heterojunction.
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Heterojunction devices have also drawn great attention in recent years mainly due to their use in optoelectronic fields. The properties of those heterojunctions are important as they are used as field-effect transistors (FETs), bipolar transistors, light emitting diodes, and lasers. The heterojunction diode could present a great potential for its use in sensing applications. 4, 12 Numerous synthesis techniques have been currently developed for various types of nanomaterials. However, there is a large area to be improved, which is the preparation of largearea uniform nanostructure arrays, especially through controllable, facile approaches.
SiNWs are expected to work as building blocks and interconnect nanoscale electronic and optoelectronic devices. SiNWs-based nanodevices such as biological sensors, FETs, and integrated logic circuits have been demonstrated as powerful examples in applications. Currently, different methods have been utilized to fabricate SiNWs. [13] [14] [15] [16] Compared with PSi heterojunctions, the aligned one-dimensional (1-D) SiNWs arrays offer a promising substrate which can provide a direct pathway of charge transport and high mobility for carriers. 17 Thus, SiNWs are expected to play an important role in enhancement of the characteristics of the fabricated heterojunction diodes.
In the present paper, the use of a thin film of the conducting polymer "POT" replacing the metal in a Schottky barrier diode forms a new heterojunction diode with nearly similar characteristics. The conducting polymer may be preferable because electronic devices based on conjugated polymers can be more easily processed at low temperatures using inexpensive technologies.
In the present work, an NPOT/SiNWs heterojunction is proposed to be a good candidate for heterojunction diode with enhanced electrical properties. A technique to fabricate a high quality NPOT/SiNWs heterojunction diode is described. Good reproducibility of the electrical characteristics is reported. It is worth mentioning that these characteristics are required for possible sensing applications.
Experimental Procedures
SiNWs have been fabricated using an improved metal-assisted electroless etching of Si substrates in KMnO 4 ∕AgNO 3 ∕HF solution.
A p-type Si (100) wafer with a resistivity around 1 Ωcm has been used. The wafer has been cut into 1.0 × 1.0 cm 2 pieces to be used as test samples. Si samples have been ultrasonically cleaned in acetone, absolute alcohol, and deionized water successively. Then the cleaned Si samples have been dipped into dilute HF solution to remove any native oxide. After this cleaning step, an etching process has been performed by immersing Si samples into the etching solution, which contains 5 M HF, 0.02 M AgNO 3 , and 0.05 M KMnO 4 . The reaction has been left for 15 min. Then the Si samples have been rinsed with deionized water and immersed into the concentrated HNO 3 to remove the remaining silver and other residues.
The NPOT films have been chemically fabricated via in situ polymerization. The use of an in situ polymerization method has been preferred because the spin coating approach would be difficult to implement since very few solvents are available for the dissolution of PANI or POT for subsequent spin coating. In addition, spin-coated conducting polymer films frequently suffer from poor adhesion to the surface of the support layer. On the other hand, in situ deposition polymerization of POT is a simple, continuous, and scalable method for the production of smooth thin films. 18 In the case of silicon micro or nanostructures, the in-situ polymerizations are expected to provide a better coverage than the spin coating method. Thus, in-situ polymerization finally enhances the quality of the thin film of the conducting polymer.
Ammonium persulfate (APS) has been used as the oxidant of the polymerization process. Purified o-toluidine (OT) (0.05 M) has been dissolved in 50 ml of 0.03 M sodium dodecyl sulfate (SDS) solution. HCl (50 ml of 0.1 M) aqueous solution which contains 0.05 M of APS has been added into the previous OT solution under stirring. Five ml of this mixture has been added to the silicon surface and has been left for 1 h at room temperature. The molar ratio of APS as an oxidant to OT is 1∶1. During the polymerization of OT, the originally colorless mixture turns blue and later becomes dark green. The dark green color is an indication of the formation of the required salt formation. The Si wafer has been washed with 0.1 M HCl solution and then dried at 60°C for 24 h in a vacuum desiccator. The precipitate has been collected and washed with methanol to remove the unreacted monomer and the impurities followed by a 0.1 M HCl aqueous solution wash. The precipitate has been dried at 60°C for 24 h in a vacuum desiccator.
An ohmic contact has been made on the bottom of the heterojunction using aluminum (Al) evaporation under vacuum. The other ohmic contact has been made by thermal evaporation under vacuum of 50 nm of gold (Au) onto the conducting polymer.
Results and Discussion

Mechanism of the Formation of SiNWs Array
Etching of Si with HF solution (5 M HF, 0.05 M KMnO 4 , and 0.02 M AgNO 3 ) to produce vertical SiNWs includes two main reactions as shown below:
The initial reduction of Ag þ forms Ag nanoparticles on the Si wafer surface. A vertical alignment contributes to the longitudinal falling down of the Ag nanoparticles from the surface to the bulk of the Si substrates, along with continuous dissolution of Si in the vicinity of Ag particles. 19, 20 
Characterization of NPOT
FTIR spectroscopy of POT
UV−vis spectra indicate that POT exists as a conductive emeraldine salt as shown in Fig. 2(a) . It is noticed that there are two peaks near 360 and 698 nm as well as a long absorption band. The 360 nm peak is attributed to the π-πÃ transition of POT's benzenoid ring. The peak at 698 nm and the long absorption band is attributed to polaron bands, which are characteristic of a conductive emeraldine salt. FTIR spectra of the polymer materials (in KBr pellets) were recorded on JASCO FTIR 410 spectrophotometer. Figure 2(b) represents the IR spectrum for doped NPOT.
The main characteristic bands of doped PANI are assigned as follows: the characteristic sharp band at 1220 to 1020 cm −1 is due to C-N tertiary aromatic vibration, the bands at 1360, 1250, 1340 and 1310 cm −1 are due to C-N primary and secondary vibrations. The sharp characteristic band at the range 3450 to 3200 cm −1 is due to single bridge compounds polymeric association or to NH stretching vibration. The bands at 1550 and 1475 cm −1 are due to the presence of a quinoid structure and the band at 1240 cm −1 is due to C-N stretching mode for the benzenoid ring. The band at 810 cm −1 is characteristic of a para-substituted aromatic ring, and it reveals that polymerization has proceeded in a "head to tail" form. Both UVvis and FTIR results reveal that the POT nanostructure is that of a typical doped polymer in its emeraldine salt form. 21, 22 3.2.2 X-ray of NPOT Figure 3 shows the X-ray diffraction (XRD) patterns of NPOT, and the X-ray profile shows three well-defined peaks for the POT prepared. The peaks are observed at 2θ ¼ 15 deg, 20 deg, and 25 deg. The maximum peak at around 25 deg can be assigned to the scattering from the POT chains at the interplanar spacing. On the other hand, two broad peaks centered at 2θ ¼ 15 and 20 deg may be ascribed to the periodicity parallel to the polymer chains, while the latter peaks may be caused by the periodicity perpendicular to the polymer chains. 23 The XRD patterns may, therefore, suggest that the obtained nanostructured POT has some crystallinity. 
SEM characterization of NPOT
A scanning electron microscope (SEM) has been used to investigate the surface morphology of the synthesized NPOT. In the SEM micrographs as in (Fig. 4) , rod-like shape nanostructures can be distinguished. Figure 5 shows the SEM micrograph after the deposition of the chemically synthesized NPOT upon the fabricated SiNWs.
Characterization of NPOT/Si NWs Heterojunction
The deposition of NPOT has been found to be homogenous upon the fabricated SiNWs. Figure 6 shows the resonance Raman spectra of POT nanofibers after the deposition on silicon nanowires. These spectra have been obtained by using a Raman mapping laser of wavelength 532 nm in room temperature under atmospheric pressure. The Si signal is a single peak, as is well-known, at 520 cm −1 . The other peaks of POT are also in good agreement with values published in literature. 25 
I − V characteristics of the Synthesized Heterojunction
The I − V characteristics of the heterojunction diode Au/NPOT/SiNWs/Al is shown in Fig. 7 .
According to the I − V curve shown in Fig. 7 , it is noticed that the curve possesses good diode characteristics which clearly demonstrates the occurrence of a rectifying junction. The I − V curve shows that the turn-on voltage is about 0.2 V, which is much lower than the Si p-n diode (0.6 to 0.7 V) and is similar to a Schottcky diode (0.2 to 0.3 V). The low forward voltage drop allows a lower power loss than ordinary Si p-n junction diodes. Therefore, it may be suggested that this fabricated NPOT/SiNWs heterojunction diode can be used as a Schottky diode in ultrafast switches in electronic circuits. [26] [27] [28] With an assumption that the current is due to thermionic emission, the current in the device can be analyzed by using thermionic emission theory. According to this theory, the relation between the current and voltage of the device can be expressed as 29
where I 0 is the reverse saturation current and is expressed as follows: 
where q is the electron charge, V is the applied voltage, A Ã is the effective Richardson constant equal to 32 A∕cm 2 K 2 for p-type, 30, 31 A is the effective diode area, T is the absolute temperature, k is the Boltzmann constant, η is the ideality factor, and Φ B is the barrier height. The value of η can be determined from the slope of the linear region of the forward bias semi log I − V characteristics through the equation 30, 32 η ¼ q kT dV dðlnIÞ :
The barrier height can be obtained from the following equation:
Since the current curve in forward bias quickly becomes dominated by series resistance and deviates from linearity, so the low forward bias part of the I − V characteristics should be used to calculate the ideality factor.
The ideality factor η can be calculated according to the natural logarithm (ln I − V) plot according to the following equation:
According to Eq. (5) the (ln I − V) plot is shown in Fig. 8 . From Fig. 8 and by using Eq. (5), η and I 0 can be calculated from the slope and the y-axis intercept of the fitted straight line, respectively. η and I o are found to be 1.8 and 5.328 × 10 −7 A. From Eq. (4), the barrier height Φ B can also be calculated and it is found to be 0.74 eV.
It had been reported in literature that the previous method of calculating η may be not very accurate. The reason this may be that this method only works for diodes with low series resistance which can be neglected in the low forward region of the I − V curve. This may not be satisfied in many heterojunctions. 33 Therefore, in the present work, other methods of calculations have been taken into consideration to confirm the value of η and also to confirm the values of other parameters of the fabricated heterojunction.
The Cheung method is a second and efficient method to calculate R s and to confirm the values of Φ B and η calculated with the above method. The Cheung method had been found to be helpful and convenient to check the validity of the diode-series resistor model because deviations from straight lines can easily be detected. 34 The forward bias current-voltage characteristics due to thermionic emission of a Schottky barrier diode with series resistance can be expressed as a Cheung function HðIÞ given by the following equations:
The experimental dV∕d ln I versus I plot of our heterojunction diode at the temperature of 293 K is presented in Fig. 9 .
By taking the trend straight line of the curve and using Eq. (7), η and R s can be determined from the intercept and the slope of the line, respectively. R s and η were determined as 1.7 KΩ and 1.9565, respectively. It can be seen that the value of η obtained by this method is in agreement with the value determined by applying the thermionic emission theory to the I − V characteristics.
Using the η value determined from Eq. (8), a plot of HðIÞ versus I as shown in Fig. 10 gives a straight line with a y-axis intercept that is equal to Φ B and a slope that provides a second determination of R s . In this method, the least square fitting approach has been used which gives us the opportunity of using more data points and hence increasing the accuracy of our calculations.
From Fig. 10 and by using Eq. (8), the values of Φ B and R s are determined as 0.844 eV and 1.4 KΩ, respectively. Therefore, using Cheung's approach has provided a second determination of R s which is approximately close to the value derived from the previous method of calculations.
η and R s values of the fabricated NPOT/SiNWs heterojunction have been found to be lower than η and R s values previously published for a NPANI/PSi heterojunction. [35] [36] [37] [38] [39] In the present work, the R s of the fabricated NPOT/SiNWs has become lower than the published values. This finding may be explained as being due to the use of SiNWs, providing a 1-D nanowire array which offers a promising substrate with a direct pathway for charge transport and a high mobility for carriers. 17 Regardless of these details, the low η and R s values obtained in the present work are promising for the fabrication of high quality NPOT/SiNWs heterojunctions.
El-Menyawy and Ashery had reported current-voltage characteristics of Au/poly(o-toluidine)/p-Si/Al heterojunction diode, where a thin film of POT had been prepared onto the surface of p-Si single crystal by a spin coating technique. They found a value for the barrier height which is in good agreement with ours.
As for the ideality factor, they had reported that the ideality factor values extracted from the natural logarithm (ln I − V) plot and from the dV∕d ln I versus I plot were 2.63 and 4.06, respectively. In our case, the ideality factor values have been found 1.8 and 1.9565, which are lower than El-Menyawy's group values. 40 The exact mechanism of a high ideality factor has not been fully understood yet. However, in literature, some researchers had reported that a higher value of η suggests that the carrier recombination in the Si substrate may be significant in the conduction mechanism. 34 Some others had suggested that the ideality factor is high due to the use of PSi as a substrate, therefore, at the interface of the heterojunction, the defect density is very high. 37 It is worth mentioning that El-Menyawy and Ashery had reported that the series resistance values extracted from the dV∕d ln I versus I plot and Cheung plot had been found to be 494 and 446 Ω, respectively which, are lower than the 1700 and 1400 Ω series resistance values found by our group. Their lower values than ours may be due to the high voltage region in which their calculations had been made by using the Cheung method. Also, it may be due to any other conditions during their fabrication process.
Conclusions
A high quality NPOT/SiNWs heterojunction has been fabricated by using low cost and simple techniques, where the SiNWs have been fabricated by using improved metal-assisted electroless chemical etching of silicon in KMnO 4 ∕AgNO 3 ∕HF solution. The device presents reproducibility of electrical characteristics and a good rectifying behavior. The saturation current has been found to be 5.328 × 10 −7 A. The barrier height has been at about 0.79 eV. The ideality factor has been found to be close to 2. The series resistance has been found to be about 1.55 KΩ. A low turn-on voltage (0.2 V) associated with the fabricated heterojunction may give the possibility of being used in ultrafast switching and other useful applications. The series resistance has been found to have a lower value than the values reported for similar PSi heterojunctions. Enhancement of the proposed heterojunction parameters is suggested to be related to the unique properties of SiNWs compared to PSi and may also be related to the use of in situ polymerization rather than spin coating because in situ polymerization can offer good coverage of the surface and sufficient polymerization of NPOT on SiNWs.
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